Using the two-dimensional finite difference time domain method, we report on the image formation of an apertureless scanning near field optical microscope. It is found that the obtained images are influenced by the angle at which the probe interacts with a dielectric sample under total internal reflection illumination. The scanning probe is assumed to be a sharp silver tip with similar shape to those used in atomic force microscopy. We show that the near-field optical response produced by semi-circular and square imperfections are significantly affected with small (0 • -10 • ) variations of the probe-sample interaction angle.
Introduction
Since the apertureless scanning near field optical microscope (a-SNOM) was first reported, 1,2 several works have been devoted to show its capabilities and applications. [3] [4] [5] [6] [7] [8] The a-SNOM is a well-known technique that, by imaging in the optical near-field region, can extend the resolution of the optical microscope beyond the diffraction limit. The fundaments of the a-SNOM are found in the detection of evanescent waves 9 which contain information about the high spatial frequencies of the surface profile. Here, the optical resolution is primarily determined by the size tip in the extreme end of a probe. 10 Then, in order to get high optical resolutions, it is necessary to have a very sharp tip. 10 An a-SNOM combined with a shear force microscope has proved to be a powerful tool to investigate, simultaneously, the topography and the optical response of a surface on a sub-wavelength scale.
11
However, the interpretation of such imaging system measurements can be rather complicated, even in a commercial unit, because of the influence of the probe on the field map. 12 The problem becomes critic when the tip is either acting as a perturbative probe 13 of the optical fields or influencing the contrast of the recorded image.
14 In this context, recently, we have reported on the angle dependence of the interaction distance in the shear-force technique. 15 We have found an exponential dependence of the interaction distance on the approaching angle. This exponential dependence may induce another kind of artifact. The angle dependence of the normal Casmir force between a corrugated plate and corrugated sphere has also been experimentally demonstrated. 16 Casimir and Van der Waal forces as well as capillary force from environment humidity are generally accepted as possible explanations for the origin of the shear forces. From the abovementioned, it is clear that careful and systematic studies conducted to strongly reduce the influence (on the near-field optical image) of the different kind of artifacts 12 are still needed. In order for a-SNOM to become a competitive technique, with respect to others scanning probe microscopy methods, several criteria for a-SNOM artifact-free imaging have been reported 17, 18 including evanescent illumination using total internal reflection. 19 Furthermore, numerical simulations have also contributed to a certain understanding of the whole physical process involved in the probe-sample interaction of this kind of microscopy. The finite difference time domain (FDTD), proposed by Yee, 20 has demonstrated to be a very powerful tool for studying interactions at such small scales, even in three dimensions. 21 In fact, recent works, based in FDTD simulations, were oriented to the design of nanostructures with desired optical functionalities. [21] [22] [23] Here, using a two-dimensional FDTD method, we investigate the influence of the probe-sample interaction angle on the near-field optical response of nano-objects which are illuminated under total internal reflection. The scattered field, for an a-SNOM configuration, was simulated as a function of the interaction angle for, both, a semi-circular and a rectangular nano-object surface defect. The simulations exhibited features that suggest that the near-field intensity distributions depend on the interaction probe-sample angle. This artifact may compromise the interpretation of a-SNOM image as well as the estimation of its optical resolution.
Methodology
The spatial resolution is probably the single most important factor that determines the quality of an a-SNOM image. The measurement of the spatial resolution of the a-SNOM instrument has been typically estimated by using several standard calibration samples such as polystyrene latex spheres, 24 and square dielectric gratings. 25 Bearing these geometries in mind, two set of calculations were con- . Ideally, in order to directly relate these results to experimental work using this type of probe-sample interactions, we would like to investigate a sample containing a large number of arbitrary-shaped defects. In general, this problem is very complicated, and even a fairly simple case of an irregular surface defect requires elaborated numerical simulations.
26
Instead, as it was described before, we consider several series of related simple examples. While each of these cases consists of specific introduced defects, the number of calculated angles is large enough to ensure the reliability of obtained data. Furthermore, the ensemble of cases is chosen to illustrate important general trends that can be extrapolated to draw some qualitative conclusions about imperfections on a real sample surface. The dimension of the calculated area was 100 × 100 nm . In a-SNOM, the evanescent signal is scattered, by a vibrating probe, toward a photodetector which averages the intensity of the optical field. Therefore, we calculated the averaged intensity field over the total area of the image. We begin with the calculation of the electromagnetic field distribution around the tip subject to standing evanescent wave illumination that was created in a glass/air interface by two counter-propagating totally internally reflected waves with equal amplitudes. The incident light is TM polarized with a free space wavelength, λ = 650 nm and having an incidence angle of 45
• . The refractive index of the glass and air are assumed to be n 1 = 1.52 and n 2 = 1, respectively. The scan is toward the positive X-axis direction [Figs. 1(a) and a diameter (at its very end) of 20 nm. The shape and dimensions of the tip are similar to those used in atomic force microscopy (AFM). 28 The calculated semicircular diameters were 10, 25, 50 and 100 nm, whereas the rectangular widths were 5, 12.5, 25 and 100 nm with heights of 10, 25, 50 and 100 nm, respectively. Note that the considered structures dimensions are in the range of 10-100 nm, which are typical sizes for nanometer-scale physical studies.
Results and Discussion
For the case of the semi-circular imperfections of Fig. 1(a) , we calculated the intensity profiles along the X-axis as a function of
Thus, as the probe tip scans the surface, changes in the optical signal can be produced which are related with the optical properties of the sample volume just below the tip. The local optical response of the surface imperfection can be determined with a lateral resolution essentially given by the effective apex radius. In the case of the 10 nm diameter semi-circular imperfection, since the imperfection size is smaller than the tip, the profiles may assume the geometry of the apex of the tip [ Fig. 2(a) ]. However, as the approaching angle increases, there is an (asymmetric) increasing of the optical profile width [ Fig. 2(a) ]. Such an effect was more clearly seen in the case of the 25 nm diameter semi-circular imperfection [ Fig. 2(b) ]. There, one can observe that the evolution of the intensity profile with distance (with respect to the origin) moves to the left-hand side as the probe-sample interaction area becomes larger. Here, it is important to note that the increase of such interaction area results in a loss of lateral resolution. The left lateral shift is also present in the optical response of the 50 nm and 100 nm diameters [Figs. 2(c) and 2(d)]. This fact does not play a minor role since one of the most important checks for the validity of an a-SNOM measurement is a precise topography correspondence of the optical contrast.
We measured the width (FHWM) of the intensity profiles showed in Figs. 3(a)-3(d) in order to study the resolution of the proposed system.
It can be noted that the illuminated 10 nm semi-circular imperfection, in general, exhibited an optical profile with a FHWM larger than the spatial dimensions of the imperfection [ Fig. 3(a) ]. This is expected as the lateral spatial resolution is given by the size of the apex radius. However, a variation of the optical signal is generated once the probe-sample interaction angle is varied even if the probe is located at a fixed vertical position. In the case of the 25 nm semi-circular imperfections, the illuminated imperfection generated a strong (near-field) focusing which exhibited an optical profile with a FHWM smaller than the spatial dimensions of the imperfection as shown in dashed lines in Fig. 3(b) . In this context, Fig. 3(b) shows the width of optical profiles which increases as the value of the angle grows. We can see that the measured width, in the presence of a tip, is smaller than the one obtained without it, due to the probe dimensions. An overall similar resolution effect was obtained when the diameter size was doubled [ Fig. 3(c) ]. In the next case (100 nm diameter), the evolution of the intensity profile with distance still present and shifts to the left-hand side as the probe-sample interaction angles increases [ Fig. 3(d) ]. It is clear that for small values, the interaction angle is not as influential as in the previous cases, and it only affects the contrast in the obtained image as expected for a passive probe, 29 where the detection process is linear. The effects begin to enter into play at relative large interaction angles [ Fig. 3(d) ], i.e. when the interaction area between sample and probe is also large. An interaction angles bigger than 10
• is definitely not the best situation in an a-SNOM system since the large interaction area may produce extra artifacts such as mechanical perturbations that causes instability of the probe vibration resulting in a severe changing of the s-SNOM image contrast. 30 In this case, one should also bear in mind that a 100 nm size surface defect may be considered as a relatively large imperfection for many a-SNOM studies. 31 Large size imperfections, in SNOM configurations, are shown to be one of the sources of artifacts in the detected optical signal 32 and therefore they should be treated separately, which is beyond the object of this report.
Rectangular imperfection
As it was aforementioned, we performed a second experiment of the effect of the interaction angle on the optical profiles. In this case, we used a rectangular imperfection. As in the previous analysis, the calculated optical profile showed an evolution of the intensity profile with distance, i. It can be seen from Fig. 4(a) that the overall behavior of the optical signal remains similar to that obtained for the smallest semi-circular imperfection. Such a similar behavior can be predicted since the optical signal is dictated by the size of the apex radius. In the following calculations, insets (b) and (c) are the cases for square surfaces imperfections of 12.5 nm and 25 nm of width with 25 nm and 50 nm of height. The results show that the widths changed in a smaller proportion than in the semi-circular imperfection of insets (b) and (c). This is due to the absence of focusing of the field. In the last case [ Fig. 5(d) ], the contribution of the interaction angle appears to be reduced, at least for the calculated range, because of the relatively large size of the imperfection. Ideally one would like to relate the optical signal measured along the sample, at a constant altitude, to the unperturbed near-field intensity existing, at the same altitude, and therefore to reconstruct the near field intensity that exists in the absence of the tip, i.e. to reduce the detection process to spatial frequency filtration. However, the a-SNOM mode cannot be realized in its pure form, because the optical responses of the probe tip and sample surface also interact with each other and require one to consider the probe-sample system as a whole.
In general, these series of images evidences the dependence of the resolution on the probe-surface angle interaction in a-SNOM configuration. Such issue may also be present in, for example, AFM techniques. In an AFM the normal interactions have been measured, 33 but in the case of contact mode, there appear lateral forces due to interfacial shear strength which depend of the scan velocity, 34 resulting in the change of the probe-sample interaction angle. Here, an important result is that the calculated optical field profiles have a change in the apparent position to the left-hand side for angles bigger than 6
• . Actually, in the square imperfection of where the lateral resolution is about 15 nm, as in the case of tip-enhanced Raman studies. 35 Furthermore, the resulting effect can be thought of as an analogue of misalignment of the excitation beam in a field enhancing SNOM configuration.
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Off-apex tip illumination leads to drastic changes in the detected signal because the near field optical tip-sample interaction is essentially turned off. 36 In our case, an increase of the probe-sample interaction angle area would bring, as well, an artifact in the recorded near-field image resolution.
Conclusion
We presented the results of a finite-difference time-domain calculation of a probesample system illuminated by total internal reflection and operated in constant height mode. It was found that varying the approach angle of the probe with respect to the sample plane introduced artifacts in the near-field optical image. In particular, an angle-dependent shift appears in the image, and an error manifested in a width estimated of several small objects. This was related to the increase of the tip-sample interaction area. This effect causes optical artifacts that may lead to a wrong interpretation of the a-SNOM images. Finally, our work shall continue in the study of the influence of the interaction angle on the optical images obtained by the a-SNOM, in both, three-dimensional FDTD simulations and experimental images. 
